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myosin light chain kinase; organ culture; regulatory myosin light chain; smooth muscle ␣-actin; vascular endothelial growth factor receptors IN UTERO HYPOXIA secondary to maternal diabetes (49) , smoking (3), pulmonary insufficiency or placental malformation (36) is a frequent etiological factor in many complicated pregnancies (25) . These hypoxic insults result in numerous perinatal and postnatal morbidities (30) that often include altered fetal cardiovascular function secondary to atypical patterns of vascular structure and contractility, collectively known as remodeling (16, 32) . Whereas the exact molecular mechanisms governing hypoxic fetal vascular remodeling remain poorly understood, considerable evidence in adult vasculature demonstrates that chronic hypoxia orchestrates arterial wall thickening (17, 39) , together with changes in contractile protein abundance (48) and organization (55) . The functional consequences of these changes include altered arterial contractility (8, 51) due at least in part to modified reactivity of thick-and thin-filament contractile proteins (35) .
Efforts to understand the mechanisms that drive hypoxic vascular remodeling have focused largely on the vasotrophic factors released by hypoxia, the most prominent of which is hypoxia-inducible factor (HIF) (46, 56) . Upregulation, stabilization, and dimerization of HIF mediate transcription of multiple angiogenic genes, including vascular endothelial growth factor (VEGF; Fig. 1 ), which in turn is known traditionally to mediate capillary angiogenesis (18) . In further support of angiogenesis, some studies have also suggested that hypoxia can modulate levels of VEGF receptors 1 and 2 (Flt-1 and Flk-1) in the vascular endothelium, as well as in certain tumors of rodent brain (43, 50) (Fig. 1) . Whereas abundant previous work suggests that VEGF acts mainly on the vascular endothelium (18) , recent findings further suggest that VEGF can exert potent trophic effects on multiple nonendothelial cell types (24) , suggesting possible expression of VEGF receptors on such cell types. Of particular relevance to vascular remodeling is growing evidence that VEGF has potent trophic effects on smooth muscle cells (12) that result in alteration of contractile protein expression and organization (7) .
The current study explores the hypothesis that VEGF contributes to hypoxic fetal vascular remodeling through changes in abundance, organization, and function of contractile proteins. Through increases in VEGF and/or its receptors in smooth muscle, we propose that hypoxia could recruit VEGF to help mediate changes in ovine fetal vascular structure and function that are characteristic of chronic hypoxia. Given the central importance of the rate-limiting enzyme myosin light chain (MLC) kinase (MLCK) (41) , its substrate 20-kDa regulatory MLC (MLC 20 ) (20) , and their contractile partner smooth muscle ␣-actin (SM␣A) (15) , our experimental design focused on mechanisms involved in hypoxia-induced changes in these contractile proteins. Comparisons between fetal arteries harvested from sheep maintained at sea level and from sheep maintained at high altitude (3,820 m) for 110 days served to define effects of chronic hypoxia, as previously described in detail (32) . To assess the role of VEGF and its receptors in hypoxic remodeling (Fig. 1) , we used organ cultures of whole carotid arteries, which preserved the spatial organization of all cell types in the arterial wall (24) . To explain changes in smooth muscle phenotype orchestrated by hypoxia, which ultimately dictate contractile protein abundance and organization, we assessed contractile protein abundance via Western blot analysis and protein organization via a novel confocal colocalization imaging technique (9) . Stress-strain measure-ments of myogenic reactivity normalized to arterial wall crosssectional area (34) identified the functional consequences of arterial remodeling induced by hypoxia. Together, these studies provide a unique perspective of the direct contribution of VEGF and its receptors to hypoxic vascular remodeling in fetal ovine carotid arteries.
MATERIALS AND METHODS
All techniques, protocols, and procedures were approved by the Animal Research Committee of Loma Linda University and complied with all policies and codes of practice outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Procedures related to tissue harvesting, tissue preparation, and animal surgery are described in detail elsewhere (54) .
Tissue harvest and preparation. All experiments used common carotid arteries harvested from full-term (139 -142 days gestation) fetal lambs delivered by cesarean section using strict sterile techniques. Pregnant ewes were anesthetized with pentobarbital sodium (30 mg/kg), intubated, and maintained on 1.5-2.0% halothane. The fetus was subsequently exteriorized via a midline vertical incision and killed by exsanguination via rapid removal of the heart. Normoxic arteries (FN) were harvested from animals maintained at sea level, whereas hypoxic arteries (FH) were harvested from animals acclimatized at altitude (3,820 m above sea level) for the final 110 days of gestation, as described in detail elsewhere (26, 32) . This chronic hypoxia model yields 19 Ϯ 1 Torr arterial PO 2 in fetal sheep (26) . Corresponding normoxic arterial PO2 averages 23 Ϯ 1 Torr. Harvested common carotid arteries were kept in sterile HEPES buffer (122.1 mM NaCl, 25 mM HEPES, 5.16 mM KCl, 2.4 mM MgSO 4, 11.1 mM dextrose, 1.6 mM CaCl2, and 50 M EDTA). After thorough and careful removal of the loose connective tissues and blood, the arteries were denuded of endothelium via mechanical abrasion. Next, 3-mm lengths of artery were cut and distributed to the various experimental protocols. Medial thickness and exact arterial segment length were measured using an Olympus U-PMTVC optical microscope mounted with a Scion Visicapture Twain 1394 camera for image capture with ImagePro software (version 6.0, Media Cybernetics).
Contractility studies. The 3-mm arterial segments were mounted on tungsten wires between isometric force transducers and micrometers used for precise positioning. Each artery was equilibrated for 1 h in Ca 2ϩ -replete Na ϩ -Krebs buffer (pH 7.4) containing (in mM) 122 NaCl, 25.6 NaHCO3, 5.17 KCl, 2.56 dextrose, 2.49 MgSO4, 1.60 CaCl2, 0.114 ascorbic acid, and 0.027 EGTA. Artery viability was preserved by diffusional O2 supply enabled by continuous bubbling with 95% O2-5% CO2 at normal ovine core temperature (38°C) (40 ϩ buffer were recorded until the arteries were stabilized; then they were returned to basal conditions using Na ϩ -Krebs buffer and equilibrated at the next stretch ratio. After responses were recorded at the highest strain ratios, the arterial segments were frozen in liquid nitrogen to eliminate any active component of stress (7, 40) . The segments were subsequently incubated in Ca 2ϩ -depleted Na ϩ -Krebs solution containing 3 mM EGTA. Passive stresses produced at each strain ratio from the highest to the lowest were then recorded.
Differences between spontaneous tone measured before and after freezing with liquid nitrogen and EGTA at each level of strain were taken as spontaneous myogenic tone. Stiffness coefficients were determined by assessing the relations between strain ratios and passive stresses using nonlinear regression fits to a monotonic exponential model (Young's modulus) (13) .
Fluorescence immunohistochemistry. Segments of common carotid arteries were fixed overnight in 4% neutral buffered electron microscopy-grade formaldehyde (catalog no. 15713S, Electron Microscopy Sciences, Hatfield, PA), embedded in paraffin, and sectioned at 5 m. Slides were deparaffinized in Histoclear solution (catalog no. HS-200, National Diagnostic, Atlanta, GA) and rehydrated in descending concentrations of alcohol. The samples were microwaved in citrate buffer (pH 6.03) to recover antigenicity; then the sections were permeabilized in 0.1% Triton X-100 (catalog no. T-8787, Sigma Aldrich, St. Louis, MO) and subsequently incubated in 1% bovine serum albumin (catalog no. SC-2323, Santa Cruz Biotechnology, Santa Cruz, CA) to block nonspecific binding. Incubations with primary antibodies were carried out overnight at 4°C. Antibody selectivity was confirmed with Western blots, and the titers used for immunohistochemistry were the lowest that optimized signal-to-noise ratio. The primary antibodies included monoclonal anti-SM␣A (1:200 dilution; catalog no. A5228, Sigma Aldrich), polyclonal anti-MLCK (1:50 dilution; catalog no. SC-25428, Santa Cruz Biotechnology), and monoclonal anti-MLC20 (1:300 dilution; catalog no. M4401, SigmaAldrich). The slides were subjected to two 10-min wash cycles in PBS on the morning of the next day before the secondary antibody (DyLight 488-conjugated; catalog no. 35502, Pierce Chemical, Rockford, IL) was applied to the tissues on the slides for 2 h at room temperature. The slides were kept in darkness after incubation to preserve photosensitivity. The slides were subsequently covered and subjected to two 10-min wash cycles in PBS. SlowFade Gold antifade reagent with 4=,6-diaminido-2-phenylindole was added, coverslips were mounted on the slides, and the slides were stored in darkness until they were imaged. Tissue slides were imaged using a Zeiss Imager A1 on an AX10 fluorescence microscope with Spot software (version 4.6.4.5, Diagnostic Instruments).
Confocal microscopy. Artery sections (5 m thick) were doublestained with antibodies against MLCK and SM␣A (see Fluorescence immunohistochemistry). After primary antibody incubation, the sections were washed in PBS and equilibrated in a dark room with two secondary antibodies labeled with DyLight 488 (SM␣A) and DyLight 649 (for MLCK) for 2 h at room temperature. The sections were imaged with an Olympus FV1000 microscope at optical section thickness of 700 nm, lateral resolution of 200 nm, and numerical aperture of 18. The extent of colocalization between the two markers was determined using a custom-written nonparametric quadrant analysis that calculated the fraction of total pixels in the upper half of the intensity range for both markers relative to the number of pixels in the upper half of the intensity range for SM␣A. We refer to this index as . Summary of our approach to test the hypothesis that VEGF contributes to hypoxic vascular remodeling through changes in abundance, organization, and function of contractile proteins in fetal arteries. First, we propose that hypoxia induces short-term increases in VEGF (arrow 1) through upregulation of the transcription factor hypoxia-inducible factor. We further propose that these increases in VEGF act on VEGF receptors (VEGF R1/R2) expressed by smooth muscle cells (arrow 2). In addition, we propose that chronic hypoxia increases expression of smooth muscle VEGF receptors (arrow 3). Finally, we propose that activation of smooth muscle VEGF receptors leads to changes in contractile protein abundance and organization that result in changes in arterial structure and function (arrow 4). In this manner, we propose that hypoxic increases in VEGF mediate not only microcirculatory angiogenesis, but also arterial remodeling. Separate experiments were performed to test each of the numbered arrows in fetal arteries.
the percentage of pixels in the upper right quadrant (%UR). This method of quadrant analysis was adapted from flow-cytometry theory (1, 2) and is described elsewhere (9, 21) . Sections (5 m) on slides were also double-stained for MLC 20 20) and MLCK-MLC20 colocalization (DyLight 488 for MLC 20 and DyLight 633 for MLCK, conjugated; catalog no. 35502, Pierce Chemical, Rockford, IL) were applied to the tissues; then the sections were imaged as described in Fluorescence immunohistochemistry. Western blots. Known weights of frozen arterial segments were processed using a glass-on-glass homogenizer in 8 M urea containing 500 mM NaCl, 20 mM Tris, 23 mM glycine, 10 mM EGTA, and 10% glycerol at pH 8.6 with protease inhibitor cocktail at 5 l/ml buffer (catalog no. M1745, Sigma Aldrich). Centrifugation of the homogenates at 5,000 g for 20 min yielded supernatants, the protein concentrations of which were determined by the Bio-Rad Bradford assay. Protein homogenates were separated via SDS-PAGE, together with increasing concentrations of standards used to calibrate target protein abundance. The tissues for the standards were harvested from pooled adult ovine common carotid arteries. SDS-PAGE-separated proteins were transferred onto nitrocellulose membranes at 200 mA for 90 min in Towbin's buffer (25 mM Tris, 192 mM glycine, and 10% and 20% methanol) on ice. Continuous gentle shaking for 1 h at room temperature with 5% milk in Tris-buffered saline (TBS) at pH 7.5 (M-TBS) was used to block the membranes. After the initial blocking, subsequent washes and incubations were done in M-TBS containing 0.1% Tween 20. Incubations with primary antibody were performed for 3 h using the following dilutions: 1:3,000 for SM␣A, 1:10,000 for MLCK, 1:200 for MLC 20, and 1:750 for VEGF-A-165. All antibodies were obtained from the sources noted in Fluorescence immunohistochemistry, except anti-VEGF antibody, which was purchased from Abcam (catalog no. AB119). Visualization was performed after a 90-min secondary incubation using a secondary antibody conjugated to DyLight 800 (catalog no. 46422, Pierce Chemical). Imaging was completed on a LI-COR Bioscience Odyssey system.
For the VEGF receptor Western blot assay, artery segments were homogenized using a glass pestle and mortar containing buffer with (in mM) 500 NaCl, 50 Tris, and 5 EDTA at pH 7.4 with protease inhibitors, including (in M) 500 2-(4-aminoethyl)benzenesulfonyl fluoride, 400 pepstatin-A, 20 bestatin, 10 E-64, 7.5 leupeptin, and 7 aprotinin (Sigma Aldrich) at 1:50 tissue-to-buffer ratio. Homogenates were centrifuged at 100,000 g for 1 h at 4°C. Pellets were resuspended at a 1:10 tissue-to-buffer ratio with 150 mM NaCl, 50 mM Tris, 10 mM DTT, 1% Triton X-100, 0.5% sodium deoxycholate, 0.2% SDS, and 10% glycerol with protease inhibitor cocktail as described above for 1 h with gentle shaking at room temperature. Samples were ultrasonicated six times for 5 s each at 20% amplitude to shear DNA and centrifuged at 10,000 g for 15 min, and the supernatants were collected. Protein concentrations were determined using Bradford's protein assay. Protein homogenates were separated on 5% SDS-PAGE with addition of 35 mM ␤-mercaptoethanol in the upper buffer reservoir, along with a pooled reference to normalize samples. Separated proteins were transferred onto 0.2-m nitrocellulose (catalog no. BA83, Whatman) using 350 mA for 90 min in Towbin's buffer containing 25 mM Tris, 35 mM ␤-mercaptoethanol, 192 mM glycine, 0.01% SDS, and 20% methanol. After transfer, the membranes were blocked in M-TBS at pH 7.5 for 1 h at room temperature with continuous shaking. All subsequent washes and incubations were performed in M-TBS ϩ 0.1% Tween 20. Primary antibodies were incubated for 3 h with a 1:200 dilution of Fms-like tyrosine kinase receptor (Flt-1; catalog no. SC-316, Santa Cruz Biotechnology) and a 1:200 dilution of fetal liver kinase 1 (Flk-1; catalog no. SC-504, Santa Cruz Biotechnology). Membranes were washed six times for 5 min each and then incubated for 90 min in secondary antibody conjugated to DyLight 800. Membranes were washed six times for 5 min each and then washed in TBS only. Membranes were imaged on a LI-COR Bioscience Odyssey system.
Organ culture. As previously described (7), serial segments of individual arteries from both experimental groups (FN and FH) were maintained in DMEM fortified with 3.7 g/l Na2HCO3, 0.5% amino acid solution (catalog no. M5550, Sigma Aldrich), 1% nonessential amino acid solution (catalog no. M7145, Sigma Aldrich), 4 mM glutamine (catalog no. G7513, Sigma Aldrich), 2% antibiotic-antimycotic solution (catalog no. 15240-096, GIBCO, Carlsbad, CA), and 70 g/ml gentamicin (catalog no. 15750-060, GIBCO) in an untreated 12-well plate and subsequently maintained in a humidified incubator with 5% CO 2 in room air at 37°C. Matched sets of artery segments left in DMEM for 24 h served as control arteries, while those treated with a low dose (3 ng/ml) of VEGF were used to assess the effects of VEGF. Segments treated with vatalanib (240 nM) and dasatinib (6.3 nM) (42) were used to assess the effects of VEGF tyrosine kinase receptors; the concentrations were identified as the lowest effective concentrations in preliminary dose-finding experiments. In all organ culture experiments, the artery segments were first maintained in media without growth factors (DMEM) for 24 h. Control arteries remained in DMEM for another 24 h, and treated arteries were exposed to 3 ng/ml VEGF for 24 h. This low dose of VEGF was used to minimize nonspecific binding of VEGF to other non-VEGF receptors and represented physiological serum levels measured in gravid sheep (52) .
Data analysis and statistics. Contractile stresses generated from applied graded strains were calculated as force per cross-sectional area, where force ϭ tension (g) ϫ acceleration due to gravity and cross-sectional area ϭ working wall thickness (m) ϫ segment length. Each animal contributed to the fresh, control, VEGF, and VEGF ϩ vatalanib ϩ dasatinib groups. Contractile stress, thickness, and stiffness values were compared using ANOVA. All data sets were confirmed to be normally distributed using the D'Agostino-Pearson analysis, and homogeneity of variance within ANOVA was verified using the Bartlett-Cochran test, as previously described (9). Statistical power was routinely Ն0.8.
All Western immunoblot measurements were calibrated against a standard curve generated from a pooled reference of common carotid tissues. Regional abundance values were compared using a two-way ANOVA with age and treatment as variables. Duncan's multiple range analysis was used to make post hoc comparisons between means within the ANOVA.
RESULTS
The study is based on a total of 124 segments from 17 normoxic fetal lambs and 93 segments from 12 hypoxic fetal lambs. In all cases, n indicates the number of animals used. Statistical significance implies P Ͻ 0.05. Values are means Ϯ SE.
Effects of chronic hypoxia on carotid artery structure and stressstrain relations. Medial thickness was significantly less in FN than FH arteries (341 Ϯ 20 vs. 400 Ϯ 28 m ; Fig. 2) ; chronic hypoxia significantly increased medial thickness by 17%. Similarly, arterial stiffness was significantly less in FN than FH arteries (8.02 Ϯ 0.42 vs. 9.20 Ϯ 0.69; Fig. 2) ; hypoxic increases in stiffness averaged 15%. Peak myogenic tone averaged 102.5 Ϯ 21.8 dyn/cm 2 in FN arteries but only 25.9 Ϯ 6.3 dyn/cm 2 in FH arteries. On average, chronic hypoxia significantly decreased peak myogenic tone by 75%.
Effects of chronic hypoxia on contractile protein abundance and colocalization. The effects of chronic hypoxia on contractile protein abundances were highly protein-specific (Fig. 3) . For SM␣A, Western blot quantification revealed similar abundances (relative to standard) in FN (0.62 Ϯ 0.07) and FH (0.68 Ϯ 0.08) arteries. For MLCK, abundances were 90% less in FH than FN arteries. In contrast, the abundances of MLC 20 were 61% greater in FH than FN arteries.
Chronic hypoxia significantly increased colocalization among all three pairs of contractile proteins (Fig. 4) . For MLCK-SM␣A, chronic hypoxia increased the coefficient of colocalization 42% relative to the normoxic group. Corresponding increases for MLC 20 -SM␣A and MLCK-MLC 20 colocalization averaged 123% and 237%, respectively.
Effects of long-term hypoxia on abundances of VEGF and VEGF receptors. Western blot quantification of endogenous VEGF levels in FN (0.29 Ϯ 0.07) and FH arteries (0.25 Ϯ 0.06) revealed similar VEGF abundances (Fig. 5 ), suggesting that hypoxia had little effect on VEGF levels after 110 days of hypoxic acclimatization. In contrast, the abundances of the endogenous VEGF receptors 1 (Flt-1) and 2 (Flk-1) were 786% and 171% greater in FH than FN arteries (Fig. 6) .
VEGF receptors mediate VEGF-induced changes in contractile protein organization. To confirm that VEGF altered contractile protein organization through a VEGF receptor-dependent mechanism, MLC 20 -SM␣A colocalization was used as a reporter assay (Fig. 7) . In organ culture, a low physiological concentration (3 ng/ml) of VEGF increased MLC 20 -SM␣A colocalization by 237%. This effect of VEGF was blocked completely in the presence of the VEGF receptor blockers vatalanib (240 nM) and dasatinib (6.3 nM).
Effects of VEGF on contractile protein abundance and colocalization. In organ culture, treatment with 3 ng/ml VEGF had no significant effect on SM␣A abundance in FN (0.59 Ϯ 0.05 vs. 0.64 Ϯ 0.07) or FH (0.66 Ϯ 0.07 vs. 0.64 Ϯ 0.09) arteries (Fig. 8) . However, VEGF significantly increased MLCK abundance by 100% in FN arteries but decreased MLCK abundance by 33% in FH arteries; after VEGF treatment, MLCK abundance was significantly greater in FN than FH arteries. For MLC 20 , VEGF had no individually significant effect in FN (0.23 Ϯ 0.04 vs. 0.27 Ϯ 0.05) or FH (0.38 Ϯ 0.03 vs.0.44 Ϯ 0.08) arteries, but after treatment with VEGF, MLC 20 abundance was significantly less in FN than FH arteries. As indicated by comparison of Fig. 3 with Fig. 8 , chronic hypoxia and VEGF had highly similar effects on the abundance of all three contractile proteins. Fig. 2 . Hypoxia remodels ovine carotid artery structure and function. Compared with normoxic arteries, arteries from chronically hypoxic animals exhibited an increased thickness (left) and stiffness (middle) of the medial layer. Determination of active stress-strain relations revealed that chronic hypoxia also significantly depressed myogenic tone but did not alter strain values at which contractile force was maximal (right). Values are means Ϯ SE for arteries from normoxic (n ϭ 17) and hypoxic (n ϭ 12) fetuses. *P Ͻ 0.05. The effects of VEGF and chronic hypoxia on patterns of contractile protein colocalization were also highly similar. In parallel with the effects of chronic hypoxia (Fig. 4) , organ culture with 3 ng/ml VEGF increased MLCK-SM␣A colocalization by 55%, increased MLC 20 -SM␣A colocalization by 237%, and increased MLCK-MLC 20 colocalization by 75% (Fig. 9 ). All these effects of VEGF on contractile protein colocalization were statistically significant.
DISCUSSION
This study offers three original findings suggesting a nonangiogenic role of VEGF in hypoxic remodeling of fetal ovine carotid arteries. 1) In homogenates of endothelium-denuded fetal carotid arteries, 110 days of hypoxic acclimatization had no effect on VEGF levels but significantly increased abundances of both main VEGF receptors (Flt-1 and Flk-1) relative to normoxic controls. 2) Chronic hypoxia and organ culture with VEGF were without effect on SM␣A abundance, decreased MLCK abundance, and increased MLC 20 abundance in endothelium-denuded fetal carotid arteries. 3) Chronic hypoxia and organ culture with VEGF increased MLCK-SM␣A, MLC 20 -SM␣A, and MLCK-MLC 20 colocalization. Together, these findings support the general hypothesis that VEGF contributes to hypoxic fetal vascular remodeling through changes in the abundance, organization, and function of contractile proteins.
Effect of hypoxia on structure and contractility. Previous studies of hypoxic vascular remodeling reported hypoxic increases in total arterial wall thickness involving the medial and adventitial layers (17, 37, 47) . In the present study, chronic hypoxia increased medial thickness (Fig. 2) , reinforcing the view that hypoxia promotes expansion of arterial smooth muscle (11, 47) , an important determinant of overall arterial stiffness. Correspondingly, hypoxia also increased arterial stiffness, suggesting altered smooth muscle composition and structure (31) and, possibly, increased collagen cross-linking and collagento-elastin ratios (53) . The associated hypoxic decreases in contractile stress, measured in dynes per square centimeter (Fig. 2) , suggest that hypoxia increased the ratio of noncontractile to contractile proteins in the artery wall in these fetal ovine carotid arteries (7, 17) . Such changes were probably mediated by a unique, but unknown, combination of numerous possible mechanisms (31) .
Consistent with previous studies (17) , hypoxic structural changes in the fetal arteries were associated with decreased myogenic reactivity (Fig. 2) . Hypoxic depression of myogenic tone must involve changes in regulation of cytosolic Ca 2ϩ or myofilament Ca 2ϩ sensitivity (34, 41) . Whereas effects of chronic hypoxia on Ca 2ϩ signaling in nonpulmonary smooth muscle remain largely unreported, evidence from our group suggests that chronic hypoxia significantly alters myofilament Ca 2ϩ sensitivity in ovine cranial arteries (35) . Correspond- Fig. 4 . Chronic hypoxia increases colocalization among smooth muscle contractile proteins. As revealed by confocal microscopy, MLCK-SM␣A colocalization was 42% greater in hypoxic than normoxic fetal arteries. Similarly, MLC20-SM␣A colocalization was 42% greater and MLCK-MLC20 colocalization was 123% greater in hypoxic than normoxic fetal arteries. All these differences were statistically significant and suggest that the contractile proteins were becoming more compact and highly organized in response to chronic hypoxia. UR%, percentage of pixels in upper right quadrant. Values are means Ϯ SE; n Ն 5 in all experimental groups. *P Ͻ 0.05 by ANOVA. ingly, the present study explored the hypothesis that hypoxia may alter myofilament Ca 2ϩ sensitivity and contractility through changes in contractile protein abundance and organization.
Effects of hypoxia on contractile protein abundances. The most abundant contractile protein in smooth muscle is SM␣A, a ϳ42-kDa monomer that polymerizes to form the thin filaments essential for contraction (38) . Expression of SM␣A did not differ significantly from normoxic basal levels after 110 days of hypoxic acclimatization (Fig. 3, left) , suggesting that the signaling pathways that govern expression of this contractile protein were not altered by hypoxia.
Expression of MLCK, another contractile protein, varies with smooth muscle phenotype (4, 7, 22) ; MLCK is the rate-limiting enzyme that phosphorylates and activates regulatory MLC 20 (19) . Hypoxia potently decreased MLCK (Fig. 2,  middle) , possibly due to phenotypic transformation or an effect at the level of transcription, translation, or turnover. For transcription, hypoxia might act through HIF-1␣ to activate a hypoxia response element (HRE) that decreases MLCK gene transcription. No evidence for a repressor element in the MLCK gene has been published, although Qi et al. (44) reported that HIF can upregulate MLCK expression in cultured pulmonary vein endothelial cells, suggesting the presence of a HRE in the MLCK promoter. Alternatively, hypoxia might enhance MLCK degradation; MLCK abundance dropped precipitously in arteries organ-cultured under serum-starved conditions (7). This drop in MLCK would require rapid degradation, which might be stimulated by hypoxia (28) . Hypoxia might also drive phenotypic transformation toward a less contractile, more synthetic, phenotype that expresses less MLCK (19) . Hypoxia's ability to promote such transformation has been demonstrated in cultured rat pulmonary artery smooth muscle (23, 57) but not previously in whole arteries adapted to chronic hypoxia.
In sharp contrast to the pattern of change observed for MLCK, MLC 20 abundances significantly increased in hypoxic compared with normoxic arteries (Fig. 3, right) . Although hypoxic increases in MLC 20 abundance could result from increased transcription due to a HRE in the promoter for MLC 20 , literature searches yielded no evidence of a HRE in the promoters for MLC 20 or myosin heavy chain, with which MLC 20 should be coexpressed (14) . Hypoxic increases in MLC 20 abundance also might result from increases in translation efficiency, but available evidence suggests only inhibition of translation by hypoxia (33) . Hypoxic increases in MLC 20 might be explained by phenotypic transformation toward a synthetic phenotype, which is characteristic of hypoxia (21) . Such a transformation would increase MLC 20 as a component of increased nonmuscle myosin heavy chain expression, which is induced by chronic hypoxia in fetal carotid arteries (21) . In light of evidence that hypoxia can increase protein degradation (45) , this mechanism might also contribute to hypoxic increases in MLC 20 abundance. Equally important, the diverse effects of hypoxia on SM␣A, MLCK, and MLC 20 abundances emphasize that the effects of hypoxia on contractile protein expression are unique and highly specific for each protein.
Effects of hypoxia on contractile protein organization. Vascular contractility is determined not only by contractile protein abundances, but also by protein organization within smooth muscle cells (6) . Chronic hypoxia increased colocalization of MLCK with SM␣A (Fig. 4, left) , suggesting that hypoxia depressed release of an inhibitory factor or enhanced release of a stimulatory factor from the endothelium or adventitia to enhance MLCK-SM␣A colocalization. Although the molecular mechanisms responsible remain unknown, this result is consistent with evidence that MLCK binds strongly with SM␣A (29) through mechanisms that are physiologically regulated (6) .
As for MLCK-SM␣A colocalization, hypoxia also enhanced MLC 20 -SM␣A (Fig. 4, middle) and MLCK-MLC 20 (Fig. 4 , right) colocalization, demonstrating that hypoxia orchestrated processes that enhanced interaction among multiple contractile proteins. Importantly, this pattern of increased colocalization occurred concurrently with markedly decreased MLCK abundance (Fig. 3) , which raises the possibility that increased colocalization may help preserve hypoxic contractility (Fig. 2) . Together, these results emphasize that hypoxia exerts coordinated, but separate, influences on contractile protein abundance, organization, and function through mechanisms that remain largely unidentified.
Effects of chronic hypoxia on VEGF and VEGF receptors. To better understand the mechanisms that mediate the effects of hypoxia on contractile protein abundance, organization, and function, we studied established mediators of hypoxic effects. The most prominent of these is HIF (46, 56) , which is well Fig . 8 . Effects of VEGF on contractile protein abundances are highly protein-specific. As revealed by Western blot quantification, organ culture with 3 ng/ml VEGF had no significant effect on SM␣A abundance in endothelium-denuded arteries from normoxic or hypoxic fetuses. In contrast, organ culture with 3 ng/ml VEGF significantly increased MLCK abundance in endothelium-denuded arteries from normoxic fetuses but decreased it in arteries from hypoxic fetuses. Conversely, organ culture with 3 ng/ml VEGF had no significant effect on MLC20 abundance in arteries from normoxic fetuses but significantly increased MLC20 in arteries from hypoxic fetuses. This pattern of effects emphasizes that effects of VEGF on contractile protein abundance are highly protein-specific, markedly influenced by hypoxic acclimatization, and closely similar to effects of chronic hypoxia (Fig. 3) . Values are means Ϯ SE; n ϭ 5 in all experimental groups. *P Ͻ 0.05 by ANOVA.
known to increase capillary angiogenesis through induction of VEGF (18) . In light of recent evidence from our laboratory that VEGF can act directly on arterial smooth muscle to alter phenotype, contractile protein expression, and contractility (7, 21) , we formulated the hypothesis that VEGF contributes to hypoxic fetal vascular remodeling through changes in the abundance, organization, and function of contractile proteins (Fig. 1) . Our first test of this hypothesis (Fig. 1, arrow 1) was to examine the effects of 110 days of hypoxia on VEGF levels in endothelium-denuded fetal carotid homogenates. VEGF levels were unchanged by chronic hypoxia (Fig. 5 ), in agreement with previous reports that VEGF rises and then returns to baseline within 21 days of chronic hypoxia (10) . In addition, this finding also suggested that elevated VEGF could not explain the sustained changes in contractile protein abundance and colocalization observed in hypoxic arteries. In light of evidence that hypoxia can modulate levels of VEGF receptors in the vascular endothelium and certain tumors of rodent brain (43, 50) , we also tested the possibility that chronic hypoxia increased VEGF receptor levels in fetal arterial smooth muscle (Fig. 1, arrow 3) . These measurements yielded the novel finding that both main VEGF receptors (Flk-1 and Flt-1) were expressed in fetal ovine carotid arteries, as suggested by previous measurements of VEGF receptor mRNA (7) . More importantly, these measurements revealed that chronic hypoxia significantly enhanced VEGF receptor abundances (Fig. 6) . Together with our VEGF measurements (Fig. 5) , these findings support the novel view that hypoxia promotes VEGF-mediated effects in the short term through increases in VEGF abundance (10) but in the long term through increases in the abundances of VEGF receptors.
Effects of VEGF on contractile protein abundance and organization. To confirm that our previously reported effects of VEGF on contractile proteins in fetal lamb carotid arteries (7, 21) were mediated by action on smooth muscle VEGF receptors (Fig. 1,  arrow 2) , we examined the effects of VEGF on MLC 20 -SM␣A colocalization in the presence and absence of vatalanib and dasatinib, two well-characterized VEGF receptor antagonists (27, 42) . Organ culture of endothelium-denuded fetal carotid arteries with a low physiological concentration (3 ng/ml) of VEGF (7, 52) significantly increased MLC 20 -SM␣A colocalization (Fig. 7) . At concentrations found to be optimal in previous dose-finding experiments (21) , 240 nM vatalanib with 6.3 nM dasatinib in coculture with VEGF completely blocked the effects of VEGF on MLC 20 -SM␣A colocalization. These results thus verified that VEGF can act through VEGF receptors to alter contractile protein organization in fetal carotid arteries.
As a further test of the hypothesis that VEGF contributes to hypoxic vascular remodeling, our next series of experiments examined the effects of VEGF on contractile protein abundances (Fig. 1, arrow 4) . Organ culture with a physiological concentration (3 ng/ml) of VEGF (52) had no effect on SM␣A abundance, significantly depressed MLCK abundance, and significantly increased MLC 20 abundance in hypoxic relative to normoxic arteries (Fig. 8) . Most importantly, this pattern of effects was closely similar to the effects of chronic hypoxia on the same contractile proteins in fresh arteries. When we examined the effects of organ culture with VEGF on contractile protein colocalization, VEGF increased MLCK-SM␣A, MLC 20 -SM␣A, and MLCK-MLC 20 colocalization. Again this pattern of effects was quite similar to the effects of chronic hypoxia on contractile protein colocalization. Together, these abundance and colocalization measurements support the hypothesis that VEGF contributes to hypoxic fetal vascular remodeling through changes in the abundance, organization, and function of contractile proteins.
Overview. The present study explores the mechanisms that couple chronic hypoxia to changes in the structure and function of large systemic fetal arteries (Fig. 1) . Consistent with numerous previous studies (21, 32) , our findings demonstrate that chronic hypoxia alters fetal artery structure and contractility (Fig. 2) . A diverse and abundant literature also supports the idea that hypoxia potently increases VEGF in the short term (10, 46) . The present study expands this concept by demonstrating that, in the long term, chronic hypoxia has little effect on VEGF (Fig. 5) but potently increases the VEGF receptor abundances (Fig. 6) . Our results also augment previous find- . VEGF increases colocalization among smooth muscle contractile proteins. In endothelium-denuded arteries from normoxic fetuses, organ culture with 3 ng/ml VEGF increased MLCK-SM␣A colocalization by 55%, MLC20-SM␣A colocalization by 237%, and MLCK-MLC20 colocalization by 75% compared with corresponding untreated controls. These results demonstrate that VEGF can act directly on arterial smooth muscle to enhance contractile protein colocalization. This pattern of effects was also closely similar to effects of chronic hypoxia on contractile protein colocalization (Fig. 4) . Values are means Ϯ SE; n Ն 5 in all experimental groups. *P Ͻ 0.05 by ANOVA.
ings that VEGF can modulate the expression, organization, and function of smooth muscle contractile proteins (7, 21) by demonstrating that these effects are dependent on activation of smooth muscle VEGF receptors (Fig. 7) . Finally, the present study demonstrates that the qualitative effects of chronic hypoxia on the abundance (Fig. 3) and colocalization (Fig. 4) of SM␣A, MLCK, and MLC 20 are closely similar to the corresponding effects of VEGF (Figs. 8 and 9 ). Together with the other evidence obtained, the findings as a whole are highly consistent with the general hypothesis that VEGF contributes to hypoxic fetal vascular remodeling through changes in the abundance, organization, and function of contractile proteins. Without doubt, VEGF is not the only factor contributing to hypoxic vascular remodeling (5) , and in vivo studies that involve selective interruption of VEGF signaling in large systemic arteries are required to quantitatively assess the role of VEGF in hypoxic vascular remodeling. The present findings suggest that such future studies are warranted and advance the idea that hypoxic increases in VEGF act simultaneously in the microcirculation to increase capillary density, while also acting in the large upstream arteries to alter the abundance, organization, and function of contractile proteins. 
